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PASSIVE OPTICAL CHANNEL CROSSOVER,
SWITCH AND BEND STRUCTURE

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention pertains to optical channels and more
particularly to low loss, high isolation, in-plane cross-
over structures for the intersection of two optical chan-
nels, optical channel bends and a low loss, high isolation
optical channel switch. |

2. Description of the Prior Art

During the assembly of an optical system, it may be
necessary to cross two light guiding channels existing in
a common planar single crystal platelet without cou-
pling light signals from one channel to the other chan-
nel. Crossovers of this type in the prior art presented
fabrication difficulties, requiring that the light guiding
channels remain separate and distinct, thus necessitating
a transition of at least one of the channels from the
initial common plane to another plane in which only
one of the crossing channels is situated or conversely
did not provide sufficient isolation when the channels
cross at small angles with respect to one another.

Refer to FIG. 1 wherein is shown, in schematic form,
an in-plane crossover of two light guiding channels as
would be fabricated without the present invention.
Light guiding channels A and B have equal refractive
indices and form an angle P in the crossover plane. The
refractive index N of the remaining planar material C is
selected such that light diverging within the angular
limits of — 8 and 4- 8, with respect to channels A and B,
are constrained within the channels A and B respec-
tively. An optical wave incident to the crossover region
from one of the channels (channel A in FIG. 1) may
couple a portion of the light energy to the second chan-
nel (channel B in FIG. 1) which lies at an angle y with
respect to the direction of the second channel. When @
18 less than 26, v may be less than 6 and a portion of the
light energy propagating in the first channel may enter
and propagate down the second channel to an output
port thereof. When ® is greater than 20, y will in all
cases be greater than 6 and the portion of the light
energy coupled into the second channel, rather than
propagating therein, will be radiated through the chan-
nel boundary D into the remaining planar material C. In
the latter situation, cross coupling between the channels
has been eliminated at the expense of an attenuation
(due to the radiation loss at the channel crossover) of
the light signal propagating in the first channel.

It 1s desirable to have an in-plane optical waveguide
crossover structure that passively provides channel
isolation without an attendant loss of light energy.

SUMMARY OF THE INVENTION

According to this invention, two optical channels
having substantially equal refractive indices, and sur-
rounded by an optical material having refractive index
less than the refractive index of the optical channels,
may be crossed in a plane with low attenuation and high
isolation characteristics. This crossover construction
comprises strips of optical material, having an index of
refraction that is less than the index of refraction in the
optical channels which are inserted in the light propa-
gating paths of the optical channels at the boundaries of
the interaction region formed by the crossover of the
two channels. Light waves incident onto these two
strips at angles of incidence, measured with respect to
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the strip boundaries, greater than the critical angle will
propagate therethrough, while light waves incident at
angles at less than the critical angle are reflected there-
from. Thus, light energy propagating in one channel,
within the angle of divergence therefore, are transmit-
ted through the strips at the boundary with the interac-
tion region with low loss, are reflected from the strips
inserted at the boundaries of the second optical channel
with the interaction region, and are transmitted through
the optical strip at the opposite boundary between the
Interaction region and the channel in which the light
wave is propagating, to continue to propagate therein.
The interaction region may be modified by placing an
electrode along a diagonal of the interaction region to
provide a double pole, double throw optical switch.
With no voltage applied to this electrode, the switch
operates as an in-plane optical channel crossover. When
a voltage of sufficient magnitude is applied to the elec-
trode, the index of refraction along the diagonal of the -
Interaction region is lowered to effectively create an
optical mirror along this diagonal. All light energy
propagating in one optical channel is thereby reflected
therefrom to propagate in the other optical channel. A
further modification replaces the electrode with an
optical material having an index of refraction that is
sufficiently less than the index of refraction of the opti-
cal channels, such that all light energy propagating in
one of the channels is reflected therefrom to propagate
in the other channel, thus effectuating a low loss optical
channel bend structure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 s a representation of an in-plane crossover of
two optical channels useful in explaining the prior art.

FIG. 2 shows an in-plane crossover of two optical
channeis according to an embodiment of the invention.

F1G. 3 is an illustration of a modification of the in-
plane crossover of FIG. 2. .

FIG. 4 is an illustration of a modification of FIG. 1 to
effectuate a double pole, double throw optical channel
switch.

FIG. § is an illustration of a modification to FIG. 3 to
effectuate a double pole, double throw optical channel
switch.

FIG. 6 shows an embodiment of the invention that
provides a low pass optical channel bend.

FIG. 7 is an illustration of a modification of an em-
bodiment of FIG. 6.

DESCRIPTION OF THE PREFERRED
' EMBODIMENTS

Refer now to FIG. 2 wherein is shown an optical
channel 10, having an index of refraction n, that is
crossed at an angle ¢ by a second optical channel 11,
having a refractive index n, the crossover creating an
interaction region 12. Optical channels 10 and 11 extend
through optical material 13 which has a refractive index
N that is less than n. Strips of optical material 14 with
refractive index N, that is also less than n, are inserted
in the optica: channels 10 and 11 at their boundaries
with the inte.action region 12. For simplicity of expla-
nation, assume that Ny = N, and that ¢ = 20. With
these assumptions a light wave propagating in the first
channel 10, with diverging angles between —8 and 6
with respect to the direction of the channel 10, will first

strike the inserted optical material 14 at angles ranging

from 6° to 26°. Even though the refractive index of the
inserted strips 14 is less than the refractive index of the
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optical material in channel 10, the optical wave is inci-
dent onto the strips 14 at an angle greater than the criti-
cal angle, and thus will experience low loss transmission
through the strips 14. Upon entering the interaction
region 12, the transmitted light encounters the strips 14,
which appear as sidewalls to the propagating region, to
which they are incident at angles less than the critical
angle 6, and are reflected therefrom, thus forming a
continuation of the optical channel 10 without coupling
optical energy into optical channel 11. The transmitted
light is then incident to the strips 14 at the far end of the

Interaction region at angles of incidence within the -

range of @ and 26, and is consequently transmitted
therethrough to continue to propagate in the remainder
of the optical channel.

When the index of refraction of the strips 14 is less
than or substantially equal to the index of refraction of
the remaining optical material 13, a portion of the light
energy entering the strips 14 may radiate into the re-
maining optical material 13, thus adversely affecting the
low loss characteristics of the optical channel cross-
over. Radiation into the optical material 13 may be
prevented, while still maintaining the low loss charac-
teristics of the in-plane crossover by selecting a refrac-
tive index N, within the range determined by N{<N-
2<n. With Nj greater than N,, the diverging critical
angle for waves incident to the strips 14 is increased,
thus providing for the transmission of all the propagat-
ing light energy through the interaction region 14, into
the remaining section of the optical channel 10.

The above operational description is equally applica-
ble to the second optical channel 11. Ideal operation of
the crossover is predicated on the theory that the reflec-
tion of light energy abruptly decreases from complete
reflectivity to zero reflectivity as the angle of light,

incident onto a strip 14, is increased beyond the critical

angle and that all light energy incident at angles at and
greater than the critical angle are transmitted freely
therethrough. Although the reflectivity is complete at
angles of incidence below the critical angle, the reflec-
tivity does not abruptly decrease to zero at this angle,
but rather has a finite value which decreases rapidly as
the angle of incidence increases therebeyond. To avoid
the deleterious effects of finite reflectivity, when Ny =
IV, at angles just greater than the critical angle, the
angle @, formed by the optical channels 10 and 11, may
be increased slightly beyond 26. When N, is greater
than Ny, the critical angle of incidence to the strips 14 is
Increased. Since the maximum angle of the divergent
angular envelope is determined by the values of n and
N}, the angles of incidence in the propagating channels
to the strips 14, will always be greater than the critical
angle, thus effectively minimizing the deleterious ef-
fects of reflections near thereto, as well as eliminating
losses due to radiation into surrounding optical medium
13.

A light guiding channel may be created by utilizing
well-known techniques such as ion diffusion, electro-
optic effects or photo-polymers to aiter the refractive
index within a channelized area of a substrate such that
the refractive index of the substrate is less than the
altered refractive index as represented in FIG. 2. Alter-
natively, an optical channel may be created by lowering
the refractive index on either side of the desired channel
as shown in FIG. 3. In FIG. 3, the crossing optical
channels 20 and 21 are formed by utilizing techniques
well known in the art to reduce the refractive index
along relatively narrow strips 22 in the substrate to
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provide barrier walls between which optical channels
20 and 21 are defined. For these barrier type optical
channels, the regions of lower refractive index need
only be as wide as the evanescent wave distribution of
the propagated modes. Cross coupling and attenuation
characteristics of the channel crossover shown in FIG.
3 are identical to the cross coupling and attenuation
characteristics of the channel crossover of FIG. 2.
The principles discussed with reference to FIGS. 2
and 3 may be further extended to design a double pole,
double throw (DPDT) optical switch. As illustrated in
FIG. 4, an electrode 23, that is coupled to a voltage
source (not shown), is positioned diagonally across the
Interaction region 24 forming an angle /2 with optical
channels 25 and 26. The optical channels and the inter-
action region 24 may be comprised of LiTaOs, LiINbO;
Or any other electro-optic material. With no voltage
applied to the electrode 23 from the external voltage
source, the operation of the DPDT is as described for
the optical channel crossover of FIGS. 2 and 3. When a
voltage is applied to the electrode 23 with the proper
polarity and of sufficient amplitude to reduce the refrac-
tive index of the optical material in the region of the
electrode 23 to reflect optical signals subtending angles
up to ®/2 + @ with the diagonal of the interaction
region 24, all light energy propagating in either optical
channel 25 or 26 is reflected from the region of the
electrode 23 to propagate in the adjacent optical chan-
nel, either by direct reflection therefrom or by a second
reflection from an inserted strip 27. This ideal result

‘would not occur if a light beam could pass from the

input channel to the output channel without first strik-
ing the induced mirror boundary. In such a case, some
portion of the non-reflected light beam would subtend
an angle greater than 6 with respect to the output chan-
nel and would be radiated from the sidewalls thereof, It
will be recognized by those skilled in the art that a
voltage with proper polarity but insufficient amplitude
to reduce the refractive index in the region of the elec-
trode 23 to provide total reflection therefrom will estab-
lish a partial mirror condition, thus coupling a fraction
of the optical signal propagating in one channel to the
other channel while the remainder continues io propa-
gate 1n the original channel.

Refer now to FIG. § wherein is shown crossing bar-
rier type optical channels 30 and 31 which may be
formed on an electro-optic substrate 32. Electrodes 33,
coupled to a voltage source (not shown), are positioned
in the interaction region on the upper and lower sur-
faces of the substrate 32. A voltage, of proper polarity,
applied across the substrate through the electrodes 33
will induce a decrease in the refractive index of the
interaction region. When this refractive index decrease
1s insufficient to cause internal reflections, light propa-
gating in one of the channels 30 and 31 will be refracted
to propagate in the other channel as indicated by the ray
paths 34 and 35. When the applied voltage is of the
proper polarity to induce an increase in the refractive
index, the refraction of an optical signal incident to the
interaction region will be negligible. For this condition
light propagation in the optical channels is similar to
that described for the optical channels of FIG. 3. Light
will enter the interaction region from either optical
channel and be reflected from the sidewalls formed at
the edges 36 of the interaction due to the increased
refractive index therein and continue to propagate

along the original channel, as indicated by rays 37 and
38. -
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Attention is directed now to an example of the inven-
tion in accordance with which a non-radiating passive
optical channel bend is effected. As illustrated in FIG.
6, an optical channel crossover having optical channels
40 and 41 each having a refractive index n, with sur-
rounding optical material 42 having a refractive index
N, 1s bisected and one-half the crossover structure is
replaced by an optical material 43 having a refractive
index Nj that is less than n. The operation of the bend is
similar to that of the DPDT switch with a voltage ap-
plied to the electrode diagonally positioned across the
Interaction region.

Suppose a light wave is propagating in the optical
channel 40 and enters the interaction region 44 as previ-
ously described. This optical wave will propagate
through the interaction region 44 and be incident to the
boundary 45 formed by the interaction region 44, with
refractive index n, and the optical material 43. This
incident wave will be internally reflected from the
boundary 45 in a manner similar to that described for
the DPDT switch, subsequently coupled to the optical
channel 41 and proceed to propagate therein. The ratio
n/N3, required to produce internal reflection at the
boundary 48, is function of the subtended angle ® be-
tween either of the optical channels 40 and 41 and the
boundary 45 such that this ratio must decrease as the
subtended angle between the optical channels and
boundary 45 increases (i.e., the propagation direction
angular change increases).

The embodiment shown in FIG. 7 may be readily
compared with that of FIG. 6. In this construction, the
optical channels 50 and 51 are formed by lowering the
index of refraction of relatively narrow strips 52 in the
substrate to form the borders of the optical channels 50
and 31. Construction of the remainder of the optical
channel bend is similar to the construction of the optical
channel bend shown in FIG. 6. It will be readily appar-
ent to those skilled in the art that the optical channel
bends described above will operate equivalently if only
a strip, of sufficient width, length, and refractive index,
Is positioned along the diagonal of the interaction re-
gion. The positioning of this strip being similar to the
positioning of the switching electrode 23 in the DPDT
switch of FIG. 4.

While the invention has been described in its pre-
ferred embodiments, it is to be understood that the
words which have been used are words of description
rather than limitation and that changes may be made
within the purview of the appended claims without
departing from the true scope and spirit of the invention
in its broader aspects.

I claim: |

1. An optical channel in-plane crossover comprising:

a plate of substantially transparent optical material

having a refractive index N:

means for forming an optical channel configuration in
said plaie comprising first and second optical chan-
nels each with a refractive index n that is greater
than N, such that optical signals with diverging
angies between —8 and +0 with respect to the
direction of said optical channels propagate
therein, said first and second optical channels
crossing at a predetermined crossing angle to form
an interaction region with a refractive index n and
having four sides forming boundaries with said first
and second optical waveguides; and

means for providing strips of substantially transparent
optical having a refractive index N that is less than
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n at said four sides forming said boundaries of said
interaction region with said first and second optical
waveguides, whereby optical signals initially prop-
agating in said first and second optical channels
propagate through said interaction region and con-
tinue to propagate in said initial propagating chan-
nels therebeyond while being substantially re-
flected in the interaction region from the optical
channels in which the optical signals are not ini-
tially propagating. |

2. An optical channel in-plane crossover in accor-
dance with claim 1 wherein said predetermined crossing
angle is at least as great as two time #.

3. An optical channel in-plane crossover in accordane
with claim 2, wherein said refractive index N is not
greater than said refractive index N..

4. The in-plane crossover of claim 3 wherein said
plate is a substantially transparent electro-optic mate-
rial. |

5. An optical channel in-plane structure in accor-
dance with claim 1 wherein said interaction region
comprises an electro-optic material and further includes
electrode means positioned to extend diagonally across
said interaction region such that upon the application of
a voltage to said electrode means the refractive index of
the electro-optic material in the region of said electrode
means 18 reduced, causing an optical signal propagating
In one of said optical channels to be reflected from said |
region of said reduced refractive index to propagate in
the other of said optical channels.

6. An optical in-plane structure in accordance with
claim § wherein said predetermined crossing angle is at
least as great as two time 8. -

7. The in-plane structure of claim 6 wherein said plate
is a substantially transparent electro-optic material.

8. The optical in-plane structure of claim § wherein
said voltage applied to said electrode means is of a mag-
nitude that reduces said refractive index of said electro-
optic material to a value that creates a partial mirror in
said region of said electrode means whereby an optical
signal propagating in one of said first and second optical
is caused to divide between said first and second optical
channels in accordance with the reflection and trans-
mission coefficients established by said partial mirror.

9. An optical channel in-plane structure in accor-
dance with claim 8 wherein said predetermined crossing
angle is at least as great as two time 6.

10. The in-plane structure of claim 9 wherein said
plate is a substantially transparent electro-optic mate-
rial. |

11. An optical channel in-plane crossover in accor-
dance with claim 1 wherein said optical channel config-
uration comprises first and second optical channels
crossing at a predetermined crossing angle to form an
Interaction region with four sides, said first and second
optical channels having barrier walls, with refractive
Index less than N;, between which optical signals may
propagate in a region with refractive index N, each of
said barrier walls continuing in an uninterrupted fashion
past interaction region collinearly with one of said strips
at said boundary of said interaction region, thus forming
strips f substantially transparent optical material with
refractive index less than N, at said four sides of said
Interaction region.

12. An optical channel in-plane crossover in accor-
dance with claim 11 wherein said predetermined cross-
ing angle is at least as great as two times 6.
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13. The in-plane crossover of claim 12 wherein said
plate is a substantially transparent electro-optic mate-
rial.
14. An optical channel in-plane structure in accor-
dance with claim 11 wherein said interaction region
comprises an electro-optic material and furhter includes
electrode means position to extend diagonally across
said interaction region such that, upon the application
of a voltage to said electrode means the refractive index
of the electro-optic material in the region of said elec-
trode means is reduced, causing an optical signal propa-
gating 1n one of said optical channels to be reflected
from said region of said reduced refractive index to
propagate in the other of said optical channels.

15. An optical channel in-plane structure in accor-
dance with claim 14 wherein said predetermined cross-
ing angle 1s at least as great as two times 6. |

16. The in-plane structure of claim 15 wherein said
plate is a substantially transparent electro-optic mate-
rial.

17. The optical in-plane structure of claim 14 wherein
said voltage applied to said electrode means is of a mag-
nitude that reduces said refractive index of said electro-
optic material to a value that creates a partial mirror in
said region of said electrode means whereby an optical
signal propagating in one of said first and second optical
channels is caused to divide between said first and sec-
ond optical channels in accordance with the reflection
and transmission coefficients established by said partial
Mmirror.

18. An optical channel in-plane structure in accor-
dance with claim 17 wherein said predetermined cross-

ing angle is at least as great as two times 6.
19. The in-plane structure of claim 18 wherein said
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20. An otpical channel in-plane structure in accor-
dance with claim 11 wherein said first and second opti-
cal channels terminate at said interaction region and
sald interaction region is terminated by an optical me-
dium with refractive index less than n located at the
diagonal defined by said terminated first and second
optical channels whereby an optical signal propagating
in one of said optical channels, that enters said interac-
tion region, is reflected from said optical medium at said
interaction channel diagonal to propagate in the other
of said optical channels, thereby forming an optical
channel in-plane bend.

21. An optical channel in-plane structure in accor-
dance with claim 20 wherein said predetermined cross-
ing angle is at least as great as two times 0.

22. The in-plane structure of claim 21 wherein said
plate 1s a substantially transparent electro-optic mate-
rial. |

23. An optical channel in-plane structure in accor-
dance with claim 1 wherein said first and second optical
channels terminate at said interaction region and said

“Interaction region is terminated by an optical medium

25

30

with refractive index less than n located at the diagonal
defined by said terminated first and second optical
channels whereby an optical signal propagating in one
of said optical channels, that enters said interaction
region, is reflected from said diagonal to propagate in
the other of said optical channels thereby forming an
optical channel in-plane bend.

24. An optical channel in-plane structure in accor-
dance with claim 23 wherein said predetermined cross-
ing angle is at least as great as two times 6.

25. The in-plane structure of claim 24 wherein said
plate is a substantially transparent electro-optic mate-

plate is a substantially transparent electro-optic mate- 35 rial.
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